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ABSTRACT 

Using the Hubble Space Telescope, the 4 m Blanco telescope at the Cerro Tololo Inter-American 
Observatory, and the Spitzer Space Telescope, we have performed deep imaging from 0.8 to 8 /zm of 
the southern subcluster in the Chamaclcon I star-forming region. In these data, we have discovered 
an object, Cha 110913-773444, whose colors and magnitudes are indicative of a very low-mass brown 
dwarf with a circumstellar disk. In a near-infrared spectrum of this source obtained with the Gemini 
Near-Infrared Spectrograph, the presence of strong steam absorption confirms its late-type nature 
(>M9.5) while the shapes of the H- and if-band continua and the strengths of the Na I and K I lines 
demonstrate that it is a young, pre-main-sequence object rather than a field dwarf. A comparison 
of the bolometric luminosity of Cha 110913-773444 to the luminosities predicted by the evolutionary 
models of Chabrier & Baraffe and Burrows & coworkers indicates a mass of Mj up , placing it fully 
within the mass range observed for extrasolar planetary companions (M < 15 Mj up ). The spectral 
energy distribution of this object exhibits mid-infrared excess emission at A > 5 /im, which we have 
successfully modeled in terms of an irradiated viscous accretion disk with M < 10 -12 Moyr" 1 . 
Cha 110913-773444 is now the least massive brown dwarf observed to have a circumstellar disk, and 
indeed is one of the least massive free-floating objects found to date. These results demonstrate that 
the raw materials for planet formation exist around free-floating planetary-mass bodies. 

Subject headings: accretion disks - planetary systems: protoplanetary disks - stars: formation - 
stars: low-mass, brown dwarfs — stars: pre-main sequence 
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1. INTRODUCTION 

Planets are born from disks of gas and dust that sur- 
round newly formed stars. These disks exist around 
stars covering a wide range of masses and even have 
been found around objects at substellar masses (e.g., 
IComeron et aLlll99l . In fact , the least massive brown 
dwarf discovered with a disk ijLuhman et al.ll2005cj) has 
a mass near the upper li mit of extrasolar p lanetary com- 
panions (M - 15 M Jup , IMarcv^ni1l2005|) . These mea- 
surements raise the question of whether even smaller 
brown dwarfs at planetary masses possess disks out of 
which planets might form. 

The Chamaeleon I star-forming region is a prime loca- 
tion in which to search for planetary-mass brown dwarfs 
with disks. Beca use of its close proximity to the Sun 
(d = 160-170 pc, iWhittet et al.lll997t iWichmann et all 
119981 iBertout et alJ I1999JL substellar members of this 
cluster have relatively bright apparent magnitudes. In 
addition, the cluster is compact enough that it can be 
mapped in a reasonable amount of observing time. Tak- 
ing advantage of these attractive characteristics, we have 
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obtained deep broad-band images of the southern sub- 
cluster in Cha I from 0.8 to 8 /xm with the Hubble 
Space Telescope (HST), the 4 m Blanco telescope at 
the Cerro Tololo Inter-American Observatory, and the 
Spitzer Space Telescope. In this letter, we describe these 
imaging observations, use the resulting photometry to 
identify a promising candidate brown dwarf with a disk, 
confirm it as a young brown dwarf with near-infrared 
(IR) spectroscopy, estimate its extinction, luminosity, 
and mass, and compare its mid-IR excess emission to 
our model predictions for emission from a circumstellar 
disk. 

2. 0.8-8 A*m IMAGING OF CHAMAELEON I 

We used the Advanced Camera for Surveys (ACS) 
aboard HST to image a 13'3 x 16.'7 area centered at a 
a = ll h 07 m 45 s , 6 = -77°40'00" (J2000) during several 
dates in 2004 and 2005. ACS provided a plate scale of 
C/05 pixel _1 and a field of view of 3.'4 x 3.'4. The target 
area was imaged with a 4 x 5 map of contiguous fields of 
view. At a given cell in the map, we obtained one 850 s 
exposure in the F775W filter (0.775 /im) and one 350 s 
exposure in the F850LP filter (0.85 /im) at each position 
in a 2-point dither pattern. The resulting images were 
processed and calibrated by automated software at the 
Space Telescope Science Institute. On the nights of 2004 
April 28 and 29, we obtained images of a 20' x 20' area 
centered at a = ll h 07 m 45 s , 6 = -77°38'20" (J2000) 
with the Infrared Side Port Imager (ISPI) at the 4 m 
Blanco telescope at the Cerro Tololo Inter- American Ob- 
servatory. ISPI provided a plate scale of 0'.'3 pixel _1 and 
a field of view of 10.'25 x 10'25. The target area was im- 
aged with a 2 x 2 map of contiguous fields of view through 
the J, H, and K s filters (1.25, 1.6, 2.2 fim). At each cell 



2 



Luhman et al. 



in the map, short exposures were obtained at closely sep- 
arated dither positions such that a total exposure time 
of 24 min was achieved in each filter. These data were 
processed using standard image reduction methods and 
were calibrated with photometry from the Two Micron 
All-Sky Survey. As a part of the Guaranteed Time Ob- 
servations of th e instrument team for the Infrared Array 
Camera QRAC: lFazio et al.l2004|) . we obtained images of 
two overlapping 20' x 15' areas in Cha I at 3.6, 4.5, 5.8, 
and 8. tiia with IRAC a board the Spitzer Space Tele- 
scope ([Werner et alJl2004]) . The details of these observa- 
tions and the anal ysis of the resulting data are provided 
hv ILuhman et~aTI ipOSdh. 

3. IDENTIFICATION OF A CANDIDATE BROWN DWARF 
WITH A DISK 

We measured photometry for all point sources ap- 
pearing in the ACS, ISPI, and IRAC images. We then 
searched these data for objects exhibiting the colors and 
magnitudes expected of brown dwarfs with disks. This 
was done by first identifying objects that appeared to 
be cool and fai nt according to diagrams of 777775 ver- 
sus m 775 — m 850 ijLuhman. McLeod. fc Goldensonl2 005a) 
and m775 — K s versus J — H (Luhman 2000). For 
these candidate brown dwarfs, we checked the mid- 
IR colors [3.6] - [4.5], [4.5] - [5.8], and [5.8] - [8.0] 
for val ues that were i ndicati ve of excess emission from 
disks ([Luhman et alJ l2005dj) . This process produced 
one promising candidate for a planetary-mass brown 
dwarf with a disk. The coordinates of the candidate 
are a = ll h 09 m 13.63 s , 5 = -77°34'44'.'6 (J2000) and 
we assign to it the name Cha 110913-773444 (hereafter 
Cha 1109-7734). For this object, we measured pho- 
tometry of TO775 = 23.19, m 850 = 21.59, J = 17.45, 
H = 16.34, K s = 15.61, [3.6] = 14.70, [4.5] = 14.38, 
[5.8] = 14.11, and [8.0] = 13.49. The errors are 0.02 and 
0.04 for the former seven and the latter two measure- 
ments, respectively. 

4. SPECTRAL CLASSIFICATION 

To determine if Cha 1109-7734 is a young brown 
dwarf, we observed it spectroscopically with the Gemini 
Near-Infrared Spectrograph (GNIRS) at Gemini South 
Observatory during the nights of 2005 March 23 and 
25. The observing and analysis procedures were the 
same as those used for the Chamaeleon brown dwarf 
OTS 44 <|Luhman et al.ll2004[) . The resulting spectrum 
of Cha 1109-7734 is shown in Figure^ The spectrum ex- 
hibits strong H 2 absorption bands, demonstrating that 
Cha 1109-7734 is a cool object rather than an early- 
type field star or an extragalactic source. Both young 
brown dwarfs and low-mass field stars have cool atmo- 
spheres, but their surface gravities differ significantly. 
Therefore, we can distinguish between these two pos- 
sibilities for Cha 1109-7734 by examining spectral fea- 
tures that are sensitive to gravity, such as the shapes of 
the H- and if-band continua that are induced by the 
H2O absorption band s and the strengths of Na I and 
K I absorption lines ^Luhman et al.lll998t iLucas et al.1 
l200ltlGorlova et alJl2003t IMcGovern et alJl2004D . To do 
this, we compare in Figure the spectrum of Cha 1109- 
7734 to GNIRS data for the young brown dwarf OTS 44 
and the cool field dwarf LHS 2065. Cha 1109-7734 has 
a sharply peaked, triangular continuum and weak Na I 



and K I lines like OTS 44 rather than the broad plateau 
and strong absorption lines that characterize LHS 2065. 
Based on this comparison, we conclude that Cha 1109- 
7734 is a young member of Cha I rather than a field 
dwarf in the foreground or the background of the clus- 
ter. Further evidence of the youth and membership of 
Cha 1109-7734 will be provided later in this work when 
we demonstrate that it has a disk. In addition to surface 
gravity, the spectral type of Cha 1109-7734 is constrained 
by the H2O absorption bands. The strengths of these 
bands for Cha 1109-7734 are similar to those of OTS 44, 
which was classified as >M9.5 through a comparison to 
an op tically-classified young brown dwarf l|Luhman et alJ 
|2004|) . We therefore apply this spectral type to Cha 1109- 
7734 as well. Because the variation of H2O absorption 
with optical spectral type is unknown for young objects 
later than M9, we can place only a limit on the spectral 
type. 

5. EXTINCTION, LUMINOSITY, AND MASS 

Now that Cha 1109-7734 has been spectroscopically 
confirmed as a young brown dwarf, we estimate its ex- 
tinction, luminosity, and mass. By comparing the near- 
IR spectrum and colors of Cha 1109-7734 to those of the 
know n brown dwarfs OTS 4 4 (Aj = 0.3.lLuhman et alJ 
2004) and KPNO 4 (Aj = O. lBriceno et al.l2002D . we de- 
rive an extinction of Aj = 0.3 ± 0.3. We estimate a bolo- 
metric luminosity of log iboi = —3.22 for Cha 1109-7734 
by combining our measurement of H, a distance modulus 
of 6.05, an g-band bolometric correction of BCh- = 2. 7 
([Leggett et al.ll200H iReid et aLlfeOOll iDahn et alJl2002|) . 
and an absolute bolometric magnitude for the Sun of 
MhoiQ = 4.75. The combined uncertainties in Ah, H, 
BC h , and the distance modulus (a ~ 0.2, 0.02, 0.2, 0.13) 
correspond to an uncertainty of ±0.12 in log Lboi- 

We convert the luminosity estimate to a mass using 
theoretical relationships between luminosity, mass, and 
age. For the age of Cha 1109-7734, we adopt the me- 
dian v alue of 2 Myr e xhibited by the known members of 
Cha I l)Luhmanll2004D . These members are spread across 
a range of luminosities at a given temperature, which 
could reflect either a range of ages (r ~ 0.5-10 Myr) or 
other phenomena, such as extinction uncertainties, unre- 
solved binaries, and variability. Regardless of the source 
of this luminosity spread, we can account for it in our 
mass estimate by adopting lower and upper limits of 0.5 
to 10 Myr for the age of Cha 1109-7734. In diagrams of 
luminosity versus age in Figure [21 we plot Cha 1109- 
7734 with the luminosities predicted as a function of 
age fo r ma sses of 5, 10 and 15 M j UD bv IBurrows et alJ 
lll997t) and lChabrier et all 11200(1) . Cha 1109-7734 has a 
mass of 8^3 Mj up according to both sets of evolutionary 
models. Mass estimates of this ki nd are prone to sys - 
tematic errors within the models ([Baraffe et al.l [2002'). 
but these errors do not appear to be large if the mod- 
els are used properly (ILuhman. Stauffer. fc Mamaiekl 
I2005bt iLuhman fc Potterll2005|) Thus, considering that 
the observed upper limit of extrasolar plan etary com- 
panions is near 15 Mj up ([Marcv et al.ll2005^ . the mass 
of Cha 1109-7734 is very likely in the planetary regime. 
For comparison, we also include in Figure [21 the young 
brown dwarfs KPNO 4 and OTS 44. W e have revised 
the previous luminosities o f these objects ([Briceno et alJ 
120021 ILuhman et al.ll200l using the values of BCh and 
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MbolQ adopted in this work for Cha 1109-7734, arriving 
at log iboi = -2.48 and -2.85 for KPNO 4 and OTS 44, 
respectively. Cha 1109-7734 is more than twice as faint 
as OTS 44, which is the least mass ive brown dwarf know n 
to have a disk prior to this study l)Luhman et al. 2005c). 

6. INFRARED EXCESS EMISSION 

Cha 1109-7734 was originally identified as an object 
that might have a disk on the basis of mid-IR colors that 
were suggestive of excess emission from cool dust. We 
now examine this evidence of a disk in more detail. As 
done in our pr evious analysis of the disk-bearing brown 
dwarf OTS 44 (ILnhman et al.ll2005ll . we use the young 
brown dwarf KPNO 4 to represent the stellar photo- 
sphere of Cha 1109-7734. In Figure we plot the spec- 
tral energy distribution (SED), A x F\, for Cha 1109- 
7734 after an extinction correction of Aj = 0.3. The 
SED of KPNO 4 is scaled to match the 7J-band flux of 
Cha 1109- 7734 and is included in Figure|21 As in the case 
of OTS 44 l)Luhman et alJ2005dL the fluxes of Cha 1109- 
7734 are photospheric in the optical and near-IR bands, 
while significant excess emission is present at wavelengths 
longer than 5 fim. We compared this excess emission 
from Cha 1109-7734 with the predictions of a model of 
an irradiated accretion disk. For these calculations, we 
adopted a stellar mass of M* = 8 Mj up , a stellar radius of 
R* = 1.8 i?j up , a uniform grain size distribution charac- 
terized by the standard power law n(a) ~ a -3 ' 5 with min- 
imum and maxim um grain sizes a m in = 0.005 /zm a nd 
a-max = 0.25 /zm l)Mathis. Rumol. & Nordsiecklll977jL a 
uniform mass accretion rate, and a disk inclination of 
i = 15°. Standard disk models include a vertical wall 
at the dust destruction temperature of 1400 K. How- 
ever, because of the low luminosity of Cha 1109-7734, 
the dust destruction radius is ~ 1.8 Under the as- 
sumption that magnetospheric accretion is taking place 
in this object, we have truncated the disk and placed 
the wall at a typical m agnetospheric radius of ~ 2.1 R* 
ijMuzerolle et al.ll2005|) . which corresponds to a temper- 
ature of 1300 K. For the height of the disk wall we have 
us ed -ffwa.ii = 0-17 R*, wh ich was derived from equations 
in iMuzerolle et alJ l)2004|) . Descriptions of the method 
used to calculate the disk structure and emergent inten- 
sity are pro vided in ou r previous work jD'Alessio et aTl 



that models with accretion rates of M > 10 12 M Q yr 1 
produce too much mid-IR excess emission. Meanwhile, 
we can place only an upper limit of M < 10 -12 M Q yr -1 
on the accretion rate because irradiation rather than 
accretion dominates the heating of the inner disk for 
M < 10" 12 Mqvi'" 1 . In Figure we show the disk 
SED produced by the model with M = 10~ 12 Mgyr" 1 , 
which fits the observed excess emission reasonably well. 

We have presented the discovery of the faintest brown 
dwarf known to harbor a circumstellar disk. Our best 
estimate of the mass of this object (M = 8*3 Mj up ) 
places it within the mass range of extrasolar planetary 
companions (M < 15 Mj up ). Thus, the basic ingredi- 
ents for making planets are present around free-floating 
planetary-mass bodies. Additional observational and 
theoretical work is needed to determine if and how plan- 
ets form in these disks. 
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Fig. 1. — GNIRS spectrum of the candidate young brown dwarf Cha 1109-7734 compared to spectra of the known young brown dwarf 
OTS 44 and the old cool dwarf LHS 2065 (M9V). Like the latter two objects, Cha 1109-7734 exhibits broad, deep absorption in H 2 0, 
demonstrating that it has a late spectral type. The weak K I and Na I absorption lines and the triangular shape of the continuum between 
1.5 and 1.8 fim in the spectrum of Cha 1109-7734 indicate a low surface gravity, and hence young age, like that of OTS 44. The spectra 
are displayed at a resolution of R = 200 and are normalized at 1.68 /im. 
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Fig. 2. — The luminosities of the young brown dwarfs KPNO 4, OTS 44, and Cha 1109- 7734 (points; to p to bottom) are c ompared to the 
luminosities as a function of age predicted by the theoretical evolutionary models of Chabricr ct al. (2000) (dashed line) and Burrows ct al. 
IT9971) (dotted line) for masses of 5, 10, and 15 Mj up . Cha 1109-7734 has a mass of 8^3 Mj up according to these models. 
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Fig. 3. — Spectral energy distribution of the young brown dwarf Cha 1109-7734 (points). Relative to the distribution expected for its 
photosphere (short dashed line), this brown dwarf exhibits significant excess emission at wavelengths longer than 5 (im. The excess flux is 
modeled in terms of emission from a circumstellar accretion disk (dotted line) and a vertical wall at the inner disk edge (R wa ii =2.1 R*, 
^wall = 0.17 R*, long dashed line). The sum of this disk model and the photosphere (solid line) is a reasonable match to the data for 
Cha 1109-7734. 



